AKT and RAS pathways in approximately 45% of high-grade, serous ovarian tumors ( 10 ).
INTRODUCTION
The phosphatidylinositol 3-kinase (PI3K) pathway is a key regulator of growth factor-mediated proliferation and survival ( 1 ) . The mechanisms responsible for PI3K/AKT pathway activation in human cancers are diverse and include activating mutations, amplification, or overexpression of PIK3CA and AKT1/2/3, loss of PTEN expression or function, mutations in the p85 regulatory subunit of PI3K, RAS mutation, and dysregulation of growth factor receptor and integrin signaling. AKT, which was initially identified as a proto-oncogene in the mouse leukemia virus Akt8 ( 2 ) , has strong oncogenic function and is a key mediator of PI3K pathway function. AKT isoforms are phosphorylated at high levels in a broad array of human tumor types, including ovarian cancers (3) (4) (5) . Immunohistochemical studies demonstrate that AKT activation is common in high-grade, latestage serous ovarian carcinomas (6) (7) (8) (9) and may therefore play a role in mediating the progression of these tumors. Furthermore, a multiplatform genomic analysis by The Cancer Genome Atlas (TCGA) Research Network identified alterations in the PI3K/
Selective inhibition of AKT1/2 is Sufficient to inhibit Cell Growth in a Subset of Ovarian Cancer Cell lines and Xenografts
The dependence of tumor cells on AKT kinases was evaluated by determining their sensitivity to selective pharmacologic inhibitors of the enzymes. We compared two PH-domaindependent, allosteric inhibitors of AKT that varied in their potency for AKT3 (15) (16) (17) (18) (19) (20) (21) (22) . The AKT1/2 inhibitor (AKTi1/2) inhibits AKT1 and AKT2 with EC 50 values of 3.5 nM and 42.1 nM, respectively, and is significantly less potent against AKT3 with an EC 50 of 1.9 μM in in vitro kinase assays (15) . The pan-AKT1/2/3 inhibitor (hereafter referred to by its clinical name, MK2206) potently inhibits all three AKT isoforms with EC 50 values of 8, 12 , and 65 nM for AKT1, AKT2, and AKT3, respectively (16, 17) . As depicted in Figure 2A , the IC 50 and IC 90 values for each cell line were calculated after their exposure to either of these drugs for 5 days (see Methods). The results indicate that the majority of ovarian lines exhibited only a limited response or were completely resistant to AKT inhibition ( Fig. 2A , right panel, IC 90 ≥ 3.0 μM) despite rapid downregulation of p-AKT expression in sensitive and resistant models by both drugs (Fig. 2B) . Mutations in components of the PI3K pathway or in RAS can activate PI3K signaling. Notably, all cell lines that were hypersensitive to both inhibitors (IC 50 < 1μM) harbored PI3K pathway alterations (SKOV-3, OVCAR-3, IGROV-1, A2780, in red). However, the presence of an AKT pathway alteration was insufficient to confer drug sensitivity 17 ovarian cancer cell lines (23.5%) had RAS/RAF pathway aberrations, including focal KRAS amplification in SKOV-8 ( Fig.  1A) , KRAS G12V mutation in OVCAR-5, concurrent BRAF V600E and MEK1 mutations in ES2, and a BRAF exon 12 deletion in OV-90 (Supplementary Table S2 ) (11, 14) . In addition, one cell line, SKOV-433, had a focal RB1 deletion (Fig. 1A) .
We asked whether the copy number aberrations or mutations identified correlated with levels of protein expression (Fig. 1B) . In 2 of the 3 PTEN-mutated cell lines (IGROV-1 and SKOV-6), expression of PTEN protein was not detected; the third (A2780) expressed low levels. Focal deletion of RB1 in SKOV-433 cells was also associated with complete loss of RB1 protein expression. Immunoblot analysis revealed four additional cell lines with no detectable RB1 protein (SKOV-6, CAOV-3, OV-1847, and PEO-4) despite each having copyneutral aCGH profiles and no somatic mutations within the RB1 gene. High expression levels of AKT2 in OVCAR-3, HER2/neu in SKOV-3, and KRAS in SKOV-8 were consistent with the gene amplification events detected by aCGH. Overall, our integrated genomic and proteomic analyses identified 4 cohorts of ovarian cancer cell lines: those with (i) PI3K pathway alterations; (ii) RAS/RAF pathway aberrations; (iii) RB1 loss; and (iv) wild-type for all the preceding alterations.
To assess whether alterations in components of the PI3K/ AKT pathway resulted in activation of AKT signaling, we evaluated the phosphorylation and abundance of AKT family members and downstream targets (Fig. 1B) . Phosphorylation of AKT at serine 473 (p-AKT S473) was used as a surrogate of pathway activity. Elevated levels of p-AKT S473 correlated with the presence of a PI3K pathway or RAS alterations (Fig. 1B) , whereas cell lines with BRAF mutation and RB1 loss had low levels. In contrast to this pattern of p-AKT 50 and IC 90 values for the AKT1/2 inhibitor (AKTi1/2) and panAKT 1/2/3 inhibitor (MK2206) were calculated after treatment with 0 to 10 μM of each inhibitor for 5 days. Drug concentrations are represented by color block gradations from dark red (0-0.3 μM) to bright red (0.3-1.7 μM), dark pink (1.7-3 μM), pale pink (3-10 μM), and white (>10 μM). Cells with detectable AKT3 expression are indicated by black boxes. Cell lines are colored based on the presence of PI3K/AKT (red) or RAS/RAF-pathway (blue) alterations and RB1 loss (green and green underline) as in Figure 1B . B, cells were treated for 0 to 24 hours with AKTi-1/2 or MK2206 (2 μM) and lysates immunoblotted for p-AKT S473 and total AKT. C, day 5 dose-response plots of three representative cell lines (IGROV-1, hypersensitive to AKT inhibition, red; OVCAR-5, heightened sensitivity to pan-AKT inhibition, blue; SKOV-433, resistant to AKT inhibition, green).
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as exemplified by BG-1 (PIK3CA E545K mutant) and SKOV-6 (PTEN/RB1 null), both of which were resistant to AKT inhibition. Furthermore, tumors with KRAS alterations and high levels of AKT phosphorylation (SKOV8, OVCAR5) were relatively resistant to AKT inhibition. These results suggest that although PI3K is a RAS effector that may be required for RAS-dependent transformation, the maintenance of growth deregulation of such tumors is not AKT dependent. A subset of cell lines was more sensitive to MK2206 than the AKT1/2 inhibitor ( Fig. 2A) , suggesting that AKT3 activity may be important in some ovarian tumors and that isoformselective inhibitors would be ineffective in such models. To further characterize these differences, detailed dose-response curves were generated with cells falling into one of three classes (Fig. 2C) . The first class included cell lines with PI3K pathway alterations that expressed AKT1 and AKT2 but not AKT3 (e.g., PTEN-mutant IGROV-1 cells). Such cells were hypersensitive to both MK2206 and AKTi1/2. A second cohort of cell lines expressed all three AKT isoforms (e.g., KRAS G12V mutant OVCAR-5 cells), and in such cells, MK2206 was significantly more potent than AKTi1/2. Finally, a third cohort represented by the RB1-deleted SKOV-433 cell line was resistant to high concentrations of both AKT inhibitors.
AKT1 is the Dominant isoform Driving Cell Proliferation in PTEN-Mutant iGrOV-1 Cells
To further define the AKT isoform(s) responsible for AKT dependence in ovarian cancer cells, we investigated the consequences of pan-AKT and AKT1/2-selective inhibition in PTEN-mutant IGROV-1 cells and xenografts. In this cell line, the effects of both drugs on proliferation were virtually indistinguishable (Figs. 2C and 3A) . Fluorescence-activated cell sorting (FACS) analysis confirmed that treatment with either inhibitor caused G 1 growth arrest and loss of cells in the S phase, although no apoptosis was observed ( Fig. 3B and data not shown). Immunoblotting demonstrated that both drugs potently inhibited the phosphorylation of AKT on both activation sites (S473 and T308), although the effect on S473 was more durable with MK2206 (Fig. 3C ). Both inhibitors also equally downregulated cyclin D3 expression, phosphorylation of PRAS40 (Thr246), a direct target of AKT, and phosphorylation of the downstream translational regulators S6 and 4EBP1 on multiple sites while coordinately increasing p27 expression (Fig. 3C) . In summary, inhibition of the AKT1 and AKT2 isoforms using a selective, allosteric inhibitor was sufficient to induce a potent cell cycle arrest in PTEN-mutant IGROV-1 cells. These results were recapitulated in vivo, as treatment of mice bearing established IGROV-1 xenografts with either AKTi1/2 or MK2206 had similar inhibitory effects on AKT phosphorylation and tumor growth ( Supplementary Fig. S2 ). Taken together, our data suggest that in some ovarian cancers, AKT3 inhibition is dispensable for maximal antitumor activity and isoform-selective inhibitors that spare AKT3 are sufficient to inhibit signaling and proliferation.
To distinguish the roles of the AKT1 and AKT2 isoforms in mediating proliferation, IGROV-1 cells were treated with www.aacrjournals.org Hanrahan et al. reSeArCh ArTiCle combinatorial knockdown of more than one isoform induce apoptosis ( Fig. 3D and Supplementary Fig. S3B ). Overall, the effects of AKT1 knockdown were similar to those of the AKT1/2 and pan-AKT inhibitors, suggesting that AKT1 is the major regulator of cell proliferation in IGROV-1 ovarian cancer cells.
Synergistic effects of MeK and AKT inhibitors in Pi3K-and rAS-Activated Ovarian Cancer Cells
Concurrent activation of the RAS and PI3K pathways occurs in a significant proportion of human cancers (23, 24) and may necessitate combined therapy to fully abrogate their cooperative effects on proliferation and cap-dependent translation (25) . Among the four cell lines with RAS/ siRNA pools directed against AKT1, AKT2, or AKT3 alone or in combination. Transfection of cells with siAKT1 or siAKT2, but not the nontargeting control pool siRNA (siNTp), led to effective (> 90%) downregulation of expression of the respective AKT isoforms (Fig. 3D ). We could not detect AKT3 knockdown in these cells, because they do not express detectable levels of AKT3 by immunoblot and thus view siAKT3 transfection in IGROV-1 as a control ( Supplementary Fig.  S3A ). Selective knockdown of AKT1, but not AKT2 or AKT3, was sufficient to induce significant G1 arrest, loss of cells in S phase, and downregulation of cyclin D3 expression and S6-and 4EBP1-phosphorylation ( Fig. 3D and Supplementary  Fig. S3B ). Evidence of synergy was not observed after concomitant knockdown of multiple AKT isoforms nor did (Fig. 1B) as well as elevated levels of activated RAS (Fig. 4A) . Notably, these cell lines were all insensitive to inhibition of AKT alone ( Fig. 2A) .
To determine the dependence of the RAS/RAF altered cohort on MAP kinase pathway activation, cells were treated with PD0325901 (hereafter referred to as PD901), a selective, allosteric inhibitor of MEK1/2 (26) (27) (28) (29) . PD901 potently downregulated ERK phosphorylation in all cell lines examined but only inhibited the proliferation of the RAS/ RAF-altered cells (IC 50 ≤ 13.0 nM) (Fig. 4B) . Despite their dependence on MEK for proliferation, induction of cell death was not observed with PD901 treatment (Fig. 4C , green bar and data not shown).
In tumors with activation of ERK and AKT signaling, inhibition of both has been shown to be required for effective antitumor activity (25) . Neither PD901 nor 2 μM of MK2206 induced apoptosis in OVCAR-5 cells at 72 hours (Fig. 4C) . Treatment with higher concentrations of MK2206 resulted in a marginal increase in cell death, which was significantly enhanced by concurrent MEK inhibition (Fig. 4C, asterisk) . Moreover, cotreatment of PD901 and MK2206 synergistically reduced the phosphorylation of p70S6K, S6, and 4EBP1 and decreased cyclin D3 expression (Fig. 4D) . Cotreatment with the pan-caspase inhibitor ZVAD-FMK or QVD-OPH abrogated the increase in cell death observed with combination treatment, confirming that this effect was the result of synergistic induction of apoptosis ( Supplementary Fig. S4A ). A similar induction of apoptosis and inhibition of downstream signaling was also observed in OVCAR-5 cells after concomitant knockdown of KRAS expression by siRNA and treatment with MK2206 at 10 μM (Supplementary Fig. S4B ). Finally, consistent with the in vitro results, enhanced antitumor activity was observed with the combination of PD901 and MK2206 in mice bearing established KRAS-mutant OVCAR-5 xenografts (Supplementary Fig. S4C ).
Induction of cell death was significantly greater in OVCAR-5 cells when PD901 was combined with the pan-AKT inhibitor MK2206 as compared with the isoform-selective inhibitor AKTi-1/2 (Fig. 4C) . To further define the role of AKT3 in promoting cell survival in this context, we stably infected OVCAR-5 cells with lentiviral shRNAs targeting AKT3 or a scrambled control. Concurrent treatment with PD901 and AKTi1/2 resulted in induction of cell death only in OVCAR-5 cells with stable expression of AKT3 shRNAs but not in cells infected with a scrambled control hairpin ( Supplementary Fig. S5 ). These results suggest that AKT3 may function redundantly with AKT1 and AKT2 to promote the survival of a subset of ovarian cancers. Overexpression of AKT3 is indicated by a hollow, red rectangle. B, log2 mRNA expression was assessed as a function of GISTIC-based DNA copy number calls (homozygous deletion, hemizygous loss, diploid, gain, highlevel amplification) across all samples. P values were generated using analysis of variances. The red line in the AKT3 box plot indicates the cutoff for samples with significant mRNA overexpression (red "x") as defined by . 2 standard deviations of the mean of the samples that are diploid/copy-neutral for AKT3. C, copy number heat maps demonstrating the focality of the amplifications encompassing the KRAS, PIK3CA, and AKT3 loci. X-axis illustrates the copy number status (red: amplification, white: copy neutral, blue: deletion) of the indicated gene for each of the 316 TCGA samples listed on y-axis. One major limitation of the use of cell line models is that they may not recapitulate the genomic diversity of the human disease and thus their value in predicting drug response may be limited. We thus analyzed the genomic and mRNA expression data generated by the TCGA to determine the prevalence of the cell line-derived spectrum of genomic alterations in 316 high-grade serous ovarian tumors (10) . In total, 188 of the 316 TCGA-qualified samples (59%) had at least one alteration within the RAS or PI3K/AKT pathways or within RB1 (Fig. 5A) . However, in contrast to the cell lines in which point mutations in these pathway genes were prevalent, copy number changes dominated the gene alterations found in the primary tumors. For example, primary ovarian tumors frequently harbored amplification events encompassing the KRAS (11%), BRAF (7%), and PIK3CA (17%) loci, whereas mutations in these genes were rarely observed (< 1%).
To further define the significance of the gene amplifications identified, we assessed the mRNA expression of select genes as a function of copy number status. KRAS and BRAF amplifications were often focal events and strongly correlated with mRNA overexpression (Fig. 5B-C and Supplementary  Fig. S6 ). Although tumors classified as altered at the PIK3CA locus typically exhibited broader gains in 3q (Fig. 5C) , the presence of gene amplification still strongly correlated with overexpression of the PIK3CA gene product (p110α mRNA) (Fig. 5B) . In contrast, there was no strict correlation between reSeArCh ArTiCle AKT3 mRNA overexpression and the degree of amplification nor were there any focal AKT3 amplification events (Fig. 5B-C) . Elevated AKT3 mRNA expression, however, was observed in 8% of tumors, including those characterized as diploid at the AKT3 locus (Fig. 5A-B) . This suggests that gene amplification is not the primary determinant of AKT3 expression in serous ovarian cancers. This does not hold true for AKT2, for which focal amplification was common (6%) and strongly correlated with mRNA overexpression (Fig. 5A and Supplementary Fig. S6 ). Thus, whereas AKT2 overexpression is secondary to a genetic event in some ovarian cancers, the etiology of AKT3 overexpression is unknown and may be the result of yet to be elucidated epigenetic factors.
Among the deletion events found in the TCGA data set, homozygous loss of PTEN (7%), RB1 (8%), and NF1 (8%) were common (Fig. 5A ). These deletions were typically focal and were strongly associated with loss of mRNA expression in all three instances (Fig.  6A-B and Supplementary Fig. S7 ). To gain insight into the functional relevance of these events, we assessed PTEN expression and AKT activation by immunohistochemistry (IHC) in 52 of the 316 TCGA tumors and correlated these results with GISTIC-based genotype calls and mRNA expression. In 8 of 52 (15.4%) tumors, PTEN protein expression was absent in all areas of the tumor (Fig. 6C and Supplementary Table S3, Supplementary Fig. S8 , and http://cbio.mskcc.org/cancergenomics/hanrahan_2011/). All eight of these cases demonstrated PTEN copy number loss with five scored as homozygous deleted by GISTIC and three as hemizygous loss at the PTEN locus. Of the latter three, one sample (TCGA-13-1492) harbored a frameshift mutation (R233fs*22) in PTEN. Six of the eight tumors had correspondingly reduced log2 mRNA values less than -1.2 (with no mRNA data available on one tumor). Consistent with the IHC data, PTEN homozygous deletion was also associated with low protein levels by reverse-phase proteomic array (RPPA) analysis (Supplementary Fig. S9A ). High levels of AKT phosphorylation by IHC (Fig. 6C-D) and by RPPA analysis (Supplementary Fig. S9B ) also correlated with PTEN homozygous deletion. In contrast, significantly lower levels of AKT phosphorylation were found in the PTEN-hemizygous loss and PTEN-diploid/gain cohorts with no difference found between these latter two groups (Fig. 6C-D) . 
reSeArCh ArTiCle
Given the central role of AKT signaling in normal cellular physiology, there is particular concern that inhibitors of this pathway may exhibit a narrow therapeutic index. One potential approach to minimizing toxicity when targeting this pathway is to selectively inhibit only those AKT isoforms within a specific tumor that promote transformation and/or progression. Each of the three AKT isoforms has been implicated as playing a dominant role in select cancer types (8, (37) (38) (39) (40) (41) (42) . Our analysis of the ovarian cancer cell line panel revealed that AKT1 and AKT2 were ubiquitously expressed, whereas AKT3 expression was detectable in only a subset of cell lines. Moreover, only a subset of the TCGA tumors expressed a high level of AKT3 mRNA. Based on these data, we hypothesized that AKT3 inhibition may not be required in some ovarian tumors for maximal antitumor effect. To address this question, we used two highly selective, allosteric inhibitors of AKT that differed only in their potency for AKT3. In AKT3-deficient models such as the PTEN-mutant IGROV-1 cell line, the effects of the panand AKT1/2-selective inhibitors were identical. Furthermore, knockdown studies using isoform-selective siRNA suggested that AKT1 was the dominant AKT isoform driving proliferation in these cells and that AKT3 inhibition was dispensable. In contrast, a subset of cells expressing AKT3 was sensitive to the pan-AKT inhibitor MK2206 but resistant to the AKTi1/2. In sum, the data suggest that an AKT isoform-selective approach may be of use in a subset of patients but that pan-AKT inhibition will be required in others.
One limitation of cell lines is that they may not accurately reflect the genomic profile of the cancer lineage that they purport to model and thus may not be predictive of clinical efficacy. Such cell line bias may arise because some genetic lesions (e.g., KRAS/BRAF mutation) may provide a selective advantage to growth in culture (43) . Through serial passage, cell lines may also drift or acquire additional genetic changes that were not present in the initial tumor. To address these issues, we compared the genomic profile of our ovarian cancer cell line panel with that of 316 high-grade, serous ovarian cancers within the TCGA data set (10). Our analysis indicated that although PI3K/AKT, RAS/RAF, and RB1 alterations were common in both the cell line and tumor panels, the specific molecular alterations present within the tumors were only loosely recapitulated within the cell lines. For example, although PIK3CA amplification was common (17%) and PIK3CA mutations were rare (1%) in serous ovarian tumors, consistent with other ovarian cancer cell line studies, PIK3CA mutations were overrepresented within the cell line panel, whereas not a single ovarian cancer cell line harbored focal PIK3CA amplification (13) . Similarly, KRAS amplification was common in the tumors (11%) but only present in a single cell line, SKOV-8. SKOV-8 cells did express high levels of RAS-GTP and were MEK-dependent, and their response to MEK and AKT inhibitors was similar to those of the OVCAR-5 cell line, which expresses a KRAS G12V allele, a mutation found in less than 1% of serous ovarian cancers. Differences between KRAS amplification and mutation, however, may become apparent with further study and thus it would be inappropriate to consider OVCAR-5 as a representative model for the larger cohort of RAS-altered ovarian tumors, most of which exhibit amplification of wild-type KRAS. In summary, the data suggest that the currently available ovarian cancer cell lines only Thirty-six of 52 (69.2%) tumors stained uniformly positive for PTEN expression (Fig. 6C and Supplementary Table S3 ). Sixteen were scored as PTEN copy number neutral (diploid), 8 as copy number gain, and 11 demonstrated hemizygous loss at the PTEN locus, all with virtually neutral mRNA expression levels. One PTEN-positive tumor (TCGA-13-1405) was scored as homozygous-deleted for PTEN based on the GISTIC analysis. A second scoring method (RAE), however, characterized this sample as single copy loss at the PTEN locus (Supplementary Table S3 , in red). These results highlight the challenges of computationally predicting the functional relevance of genomic alterations from array data of tumors with complex karyotypes and mixed cell populations.
Finally, 8 of 52 (15.4%) tumor samples had a heterogeneous pattern of PTEN loss and corresponding p-AKT S473 overexpression ( Fig. 6C and Supplementary Table S3 ). Both the RAE and GISTIC analyses characterized three of these heterogeneously staining tumors as PTEN-homozygous deleted. Because the PTEN-positive component of each of these tumors comprised less than 20% of the overall tumor content, these results are consistent with the existence of a polyclonal population of tumor cells, the majority of which have homozygous PTEN deletions and corresponding loss of PTEN expression.
Discussion
Ovarian cancer is a histologically and genomically complex disease (4, (30) (31) (32) . Morphologically, ovarian cancers can be divided into type I low-grade, low-malignant potential tumors and type II high-grade, serous carcinomas, carcinosarcomas, and undifferentiated carcinomas. Although outcome has improved recently for patients in the latter group, with 5-year survival rates now approaching 50%, the cure rate remains low at approximately 30% (33) (34) (35) . Genomic characterization of type II tumors suggests that alterations in the TP53 and/or BRCA1/2 genes occur early in their pathogenesis and cooperate to promote genomic instability. This genomic instability results in diverse subsequent events that are believed to drive ovarian tumor growth and metastatic progression, including alterations that activate the PI3K/AKT pathway (3) (4) (5) 36) .
Because phosphorylated AKT is expressed at high levels in the majority of high-grade, serous ovarian cancers, we sought to define the AKT dependence of ovarian cancer cell lines with the goal of identifying genomic signatures predictive of drug sensitivity. Using an integrative approach, we were able to define four classes of ovarian cancer cells: cells with (i) PI3K/AKT pathway alterations; (ii) RAS/RAF/MEK1 alterations; (iii) RB1 loss; and (iv) those wild-type for all the preceding pathways and genes. Although PI3K/AKT pathway activation was common and correlated with AKT dependence, pathway activation was the result of diverse underlying molecular events and pathway activation alone was not sufficient to confer AKT inhibitor sensitivity. Notably, all cell lines with RAS/RAF alterations and those with RB1 loss, including those expressing high levels of phosphorylated AKT, exhibited intermediate or high levels of resistance to AKT inhibition. These results support the testing of AKT pathway inhibitors in patients with serous ovarian cancer but suggest that AKT inhibition alone will be effective in only a subset of patients.
reSeArCh ArTiCle modestly reflect the genomic complexity of the human disease and that a richer panel of ovarian cancer cell lines with multiple representative examples derived from each genetic class is needed.
Our integrated analysis of the cell line and tumor panels also highlights the difficulty of using array-based copy number data to identify those patients with functional gene amplifications and deletions. In the case of PTEN, copy number status as scored by either the GISTIC or RAE algorithms correlated strongly with PTEN mRNA expression. Further, PTEN copy number-neutral (diploid) or homozygous deletion calls were good predictors of the presence or loss of PTEN protein and levels of p-AKT expression by IHC and RPPA analysis. However, hemizygous loss of the PTEN gene did not reliably correlate with functional loss of PTEN protein expression by IHC or downregulation of PTEN mRNA expression. These results suggest that in the absence of homozygous deletion, copy number data alone were inadequate to accurately characterize PTEN status. A heterogeneous pattern of PTEN expression by IHC was also common, suggesting that clonal heterogeneity will prove to be an additional hurdle to the use of array-based platforms to accurately identify tumors with functional loss of PTEN.
In summary, our data suggest that the activity of AKT inhibitors will be restricted to tumors harboring genomic alterations within the pathway and that combination therapy will be required to elicit a tumor response or regression in most tumors. On the basis of these data, we predict a low response rate with selective AKT pathway inhibitors when such agents are used alone in ovarian cancers. This reality may necessitate the development of such compounds initially in cohorts of patients from other tumor lineages in which the frequency of defined PI3K/AKT pathway alterations is high. Agents shown to potently inhibit pathway activity in such tumors with an acceptable therapeutic index could then be tested in a combinatorial fashion in ovarian cancer using a truly individualized approach based on real-time, detailed genomic and proteomic characterization of individual tumors.
MethoDs

Cell Lines and Culture Conditions
AKT1/2 inhibitor (AKTi1/2, compound 17) (15) and pan-AKT1/2/3 inhibitor (MK2206) (16, 17) were obtained from Merck. PD0325901 (PD901) was synthesized as reported (26) (27) (28) (29) . ZVAD-FMK and QVD-OPH were from BD Pharmingen and R&D Systems, respectively. The human ovarian cancer cell lines SKOV-3/SKOV-8/ CAOV-3 (DME), OVCAR-3/A2780 (RPMI 1640), and OV-1847/PEO-4 (M5) were provided by David Spriggs (MSKCC) and BG-1/SKOV-6/ OVCAR-5/SKOV-433/PEO-1 (M5) and IGROV-1/SK-2774 (RPM1 1640) by Douglas A. Levine (MSKCC), and are available on request. ES-2 (McCoy's) and OV-90/TOV-112d (MCDB105:199 Earle's) were purchased from American Type Culture Collection. Cells were maintained at 37°C in 5% CO 2 , in media indicated in parentheses, supplemented with 2 mM glutamine, 50 units/mL each of penicillin and streptomycin, and 10% fetal bovine serum (PAA Laboratories).
Genomic Studies
Genomic DNA was extracted using the DNAeasy Tissue Kit (Qiagen). Mutations in NRAS, KRAS, MEK1, BRAF, PIK3CA, and AKT1 were screened by Sequenom MassARRAY assay (43) . As previously described, all detected mutations were confirmed by conventional Sanger sequencing of coding exons (44) . Additionally, all coding exons of AKT2, AKT3, RB1, and PTEN were screened for mutations by Sanger biochemistry. Primer sequences used for exon amplification are available on request.
Array Comparative Genomic Hybridization
Labeled DNA was cohybridized to Agilent 244K CGH microarrays with a pool of female reference normal DNA. Raw copy number data were normalized and segmented as described (45, 46) and were viewed using Agilent Genomic Workbench Standard Edition (5.0.14) software and the publically accessible Broad Institute Integrative Genomics Viewer (IGV) standardized to build 36.1 (hg18) of the reference human genome.
Western Blotting
For Figure 1B , log phase ovarian cancer cell lines were harvested at 70% confluence subsequent to an 18-hour refreshment of media. For time courses, cells were treated for the indicated doses and times. Cells were lysed in 1% NP-40 lysis buffer and processed for immunoblotting as described (44) . Anti-cyclin D1, cyclin D3, KRAS, and PTEN antibodies were from Santa Cruz Biotechnology. Anti-p27 was from BD Transduction Labs. Anti-ERBB2 was from Neomarkers. Anti-pPRAS40-T246 and AKT3 were from Millipore. All other antibodies were from Cell Signaling Technology. Proteins were visualized using the Fuji LAS-4000 (GE Lifesciences). Each immunoblot shown is representative of n ≥ 3.
Proliferation Assays/Fluorescence Activated Cell Sorting Analysis
Cells were plated and the next day either harvested for counting (day 0) or treated with serial dilutions of drug (0-10 μM for AKTi-1/2 and MK2206; 0-500 nM for PD0325901) or DMSO control. Cells were incubated for 3 to 5 days and counted using the Vi-CELL XR 2.03 (Beckman Coulter). From the averages of at least two experiments in duplicate (± SE), IC 50 curves were generated by plotting percent growth [(mean cell number at drug dose D5 -mean cell number of control D0)/(mean cell number of DMSO D5 -mean cell number of control D0) × 100)] against drug concentration. IC 50/90 values were calculated using Graphpad Prism 5. For FACS, floating and adherent cells were collected and stained with ethidium bromide as reported (47) . FACS graph bars represent mean of n ≥ 3 (± SE). Significant P values < 0.05 were determined by unpaired, two-tailed Student t tests.
siRNA Transfections
Cell lines were plated in media without penicillin/streptomycin and transfected with 20 nM of siRNA pools (all from Dharmacon) against human AKT1 (L-003000), AKT2 (L-003001), AKT3 (L-003002), KRAS (L-005069-00), or a nontargeting control pool (D-001810-10) in OPTIMEM (Gibco) with Dharmafect Transfection Reagent #1 (T-2001-03) or reagents alone (no DNA). After 24 hours, transfection media was refreshed. Cells were collected 64 hours after transfection and subject to FACS and immunoblotting as previously with n ≥ 3.
RAS-GTP Assay
Cells were synchronously plated and harvested at 75% confluence subsequent to an 18-hour refreshment of media according to the Millipore RAS Activation Assay. Briefly, 500 μg of lysate was immunoprecipitated using beads containing the recombinant RAS binding domain of RAF. Beads were washed, boiled with sample buffer, resolved on sodium dodecyl sulphate-polyacrylamide gels, and membranes were probed with pan-RAS antibody to detect levels of GTP-bound, active RAS. Input lysates were also probed for total levels of RAS and indicated proteins. Immunoblots shown are representative of n = 3.
